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Chronic K depletion inhibits renal brush border membrane Na/sulfate increasing serum Si concentrations, reaching approxi-
cotransport. mately the glomerular filtration rate (GFR). Since Si isBackground. The purpose of this study was to determine if dietary
not extensively bound to serum proteins [3], this suggestspotassium (K) deficiency regulates renal proximal tubular sodium gra-
dient-dependent sulfate transport (Na/Si cotransport) in the rat and, that Si is not secreted to any significant extent. At a
furthermore, determine if the regulation takes place at the level of the physiological serum Si concentration of 0.7 to 1.0 mm inrecently cloned Na/Si cotransport system (NaSi-1).
the rat [4, 5], Si renal clearance is approximately 30%Methods and Results. Rats treated chronically (seven days) with a
K-deficient diet had a significant decrease in serum Si levels and an of the GFR. At decreased serum Si concentrations
increase in fractional excretion of ultrafilterable Si, which paralleled a caused by conjugation reactions with exogenous com-
significant decrease in brush border membrane (BBM) Na/Si cotrans- pounds, a decrease in renal clearance is observed [1].port activity. The decrease in BBM Na/Si cotransport activity was
associated with decreases in BBM NaSi-1 protein and renal cortical Regulation of renal excretion of Si is mediated mainly
NaSi-1 mRNA abundance. In addition, in Xenopus oocytes injected at the level of the proximal tubule via a sodium-gradient–
with mRNA from kidney cortex slices of K-deficient rats, there was
dependent reabsorption of Si (Na/Si cotransport) [6–8].a significant reduction in the induced Na/Si cotransport, whereas there
was no alteration in l-leucine uptake, suggesting that in K-deficient Recently, we have cloned the rat renal proximal tubular
rats, there is a specific decrease in functional mRNA encoding the Na/Si cotransport system, NaSi-1 [9]. Expression of theNaSi-1 mRNA. Na/Si-1 protein in Xenopus laevis oocytes revealed thatConclusion. These findings indicate that chronic K deficiency leads
to a reduction in serum Si levels and an increase fractional excretion the kinetic parameters of expressed Na/Si cotransport are
of Si, and reduces Si reabsorption by down-regulating the expression similar as described in transport experiments performed
of the proximal tubular Na/Si-1 cotransporter protein and mRNA. with proximal tubular brush border membrane (BBM)
[7, 10, 11]. Reverse transcriptase–polymerase chain reac-
tion experiments using microdissected nephron segments
Inorganic sulfate (Si) is important for growth and de- from rat kidney indicated proximal tubular expression
velopment, and its homeostasis is maintained through of the NaSi-1 protein [12]. Furthermore, immunohisto-renal clearance mechanisms. Si is freely filtered at the chemical studies using a highly specific NaSi-1 antibodyglomerulus and actively reabsorbed in the proximal con- indicated that the NaSi-1 protein is exclusively expressedvoluted tubule of the kidney. Stop-flow experiments sug- in the apical membrane of the proximal tubules [13].
gest that the kidney proximal tubule is the major site of Potassium (K) is an essential major intracellular cation
Si reabsorption. The active Si reabsorption process is and plays an important role in the regulation of renal
capacity limited and saturable [1]. In humans, the plasma function. It has been shown that acute K deficiency can
Si concentration is maintained within a narrow range of lead to vasoconstriction and that renin levels are in-
1.0 to 1.5 mm [2]. Renal clearance of Si increases with creased in K-deficient (KD) rats [14]. Chronic K deple-
tion (two weeks) in rats has been shown to cause major
changes to renal function; total GFR, single-nephronKey words: dietary K, growth and development, proximal tubule,
filtration rate, and urine osmolality were significantlyvasoconstriction, renal function.
reduced when compared with control rats [15]. K deple-
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brush border Na/citrate cotransport [17]. The effect of BBM isolation and Na/Si uptake measurements
K depletion on proximal tubular Na/Si cotransport, how- Renal BBMs were isolated according to the Mg21-
ever, has not been determined. precipitation method described previously [17, 18]. BBM
The aims of this study were to determine whether Na/Si transport measurements were performed in freshly
K depletion alters BBM Na/Si cotransport and if the isolated BBMVs by radiotracer uptake of Na235SO4 (Du-
regulation takes place at the level of the proximal tubular Pont-NEN Research Products, Boston, MA, USA) and
BBM Na/Si cotransport system (NaSi-1). In this study, an inwardly directed sodium gradient (120 mm NaCl)
we show that chronic K deficiency leads to a decrease followed by rapid filtration [19]. Uptake was terminated
in serum Si levels and an increase in fractional excretion after 10 seconds, representing the initial linear rate. BBM
of Si. These changes correspond to decreases in Na/Si Na/Si cotransport activity is presented as pmol 35SO4/10
cotransport activity in BBM as well as in Xenopus oo- second/mg BBM protein. Protein concentration of BBM
cytes injected with mRNA from rats on KD diets. The was measured by the Lowry method [20].
decrease in BBM Na/Si cotransport activity is associated
Western blottingwith similar decreases in BBM NaSi-1 protein and renal
cortical Na/Si-1 mRNA abundance, which indicates that Western blotting experiments using BBM with the
altered expression of NaSi-1 plays an important role in NaSi-1 polyclonal antibody were performed as described
the regulation of Na/Si cotransport activity in dietary K [13]. Briefly, BBM protein (20 mg/lane) was separated
deficiency. after sodium dodecyl sulfate (SDS)-gel electrophoresis
[21] and was transferred onto nitrocellulose membranes
[22]. Anti-(NaSi-1) antiserum was used at a dilution ofMETHODS
1:5000 [13], and primary antibody binding was visualized
Experimental animals and dietary conditions with antirabbit IgG conjugated to horseradish peroxidase
Male Sprague-Dawley rats (175 to 225 g) were housed and enhanced chemiluminescence (Pierce, Bradford, IL,
in metabolic cages and were fed a control diet ad libitum USA). Two mg/ml of fusion protein was added together
for five days before initiation of the study. Rats were with the anti-(NaSi-1) antiserum for the peptide protec-
then subjected to either a KD diet or maintained on a tion experiments. The signals were quantitated by a Phos-
control diet (CON), as previously described [17]. In brief, phor Imager with a chemiluminescence detector and den-
rats were pair fed for seven days a diet consisting of (in sitometery software (Bio-Rad, Richmond, CA, USA).
g/kg diet) 180 casein, 200 cornstarch, 500 sucrose, 35
Immunohistochemistrycorn oil, 10 CaHPO4, 6 MgSO4, 6 NaCl, 6.8 Na2HPO4,
7.1 KCl, and 10 vitamin fortification mixture (ICN, For these studies, four additional CON and four addi-
Cleveland, OH, USA), as well as 35 ml peanut oil. KD tional KD rats were anesthetized with 100 mg/kg body
animals were fed the same diet, except that NaCl was weight of thiopental (Trapanal, Byk-Gulden), and the
substituted for KCl. Drinking water was given ad libitum. kidneys were fixed by perfusion as described previously
On the seventh day of the study, a 24-hour urine collec- [23–25]. After freezing small pieces of fixed kidneys in
tion was made to measure Si and creatinine. On the liquid propane, 3 mm thick sections were cut and mounted
eighth day, the animals were anesthetized with intraperi- onto chromalum/gelatin-coated glass slides. Slices were
toneal pentobarbital, and an aortic puncture was per- incubated for 10 minutes in phosphate-buffered saline
formed to obtain blood for measurement of electrolytes, containing 3% milk powder and NaSi-1 antiserum at a
Si, and creatinine. Both kidneys were then rapidly re- dilution of 1:500. After rinsing with phosphate-buffered
moved; the superficial cortex was dissected and aliquoted saline, sections were incubated with a donkey antirabbit
for simultaneous isolation of BBM vesicles (BBMVs) IgG conjugated to Cy-3 (Jackson Immuno Research
and RNA. For this experiment, we studied six control Laboratories, West Grove, PA, USA) that was diluted
and six KD rats, resulting in N 5 6 BBM or RNA prepa- 1:200. After being rinsed with water, the sections were
rations for each experimental group. coverslipped with glycergel containing 1,4-diazabicyclo
[2.2.2] octane (Sigma, St. Louis, MO, USA) as a fading
Plasma and urine electrolyte measurements retardant. The sections were then imaged with a Zeiss
Laser Scanning Confocal Microscope (Jana, Germany).Urine and blood samples were analyzed for Si content
by ion chromatography using the Dionex Ion Chromato-
RNA isolation and Northern blottinggraph (Dionex Corp., Sunnyvale, CA, USA) and creati-
nine and electrolytes by autoanalyzer. The total urinary Rat renal cortical RNA was isolated using the guanidi-
excretion and the fractional excretion of Si were calcu- nium thiocyanate technique [26] as described previously
[25, 27]. RNA gels and Northern blotting were per-lated by standard clearance formulae.
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Fig. 1. Effects of K-deficiency on serum Si (A) levels and fractional
excretion of Si (B). Plasma electrolyte concentrations are calculated as
mmol/liter plasma and are shown for control and K deficient rats. Serum
Si levels (SSi; A) and fractional excretion rates (FESi; B) are calculated
as means 6 se for 6 rats per condition. (C) Brush border membrane
Na/Si cotransport in rats fed K-deficient or control diets. Initial rate of
Na/Si-uptake was determined in brush border membrane vesicles iso-
lated from control and K depleted rats. Data are mean 6 se for 6 rats
per condition (*P , 0.01).
formed exactly as described previously [25, 27, 28] using RESULTS
a full-length NaSi-1 cDNA probe [9, 10] as well as 18S Effects of KD on plasma and urine Si levels
rRNA, GAPDH, and b-actin cDNA probes, as pre- Our first aim was to investigate whether KD may lead
viously described [25]. The resulting bands were imaged to changes in serum Si levels and alterations in urinaryand quantitated by a Phosphor Imager analyzing system excretion rates. In rats subjected chronically (seven days)
and the accompanying densitometry software (Bio-Rad). to KD, there was a marked decrease in serum Si levels
(0.46 6 0.05 mmol/liter; KD) compared with those onmRNA isolation, injection into Xenopus laevis
normal diet (1.06 6 0.22 mmol/liter; CON) and a markedoocytes, and uptake measurements
increase in the fractional excretion of Si (FE Si 19.1 6
Rat renal cortical poly A1 RNA (mRNA) was purified 1.1 in CON vs. 29.6 6 2.5% in KD, P , 0.01; Fig. 1A).
through an oligo dT column, and mRNA (0.2 mg/ml) was Thus, chronic KD leads to an increase in the renal excre-
injected into Xenopus laevis oocytes as described pre- tion of Si, which results in a reduction in serum Si levels.
viously [9, 10, 29]. Oocyte transport measurements were
performed using K2 35SO422 (30 mCi/ml) with 0.1 mm Effect of K deficiency on BBMV Na/Si transport rate
K2SO4, or l-[3H]leucine (20 mCi/ml) with 0.1 mm l-leucine To determine whether the decrease in the renal tubu-
(legend to Fig. 1), as described previously [9, 10, 29]. lar reabsorption of Si is mediated by a decrease in proxi-
mal tubular Na/Si cotransport, we isolated BBMVs from
Data analysis both CON and KD rats and measured BBMV Na/Si-
All data are presented as means 6 sem (N 5 12 in each cotransport by the 35SO4 uptake. We observed a signifi-
experimental group). Statistical significance of results in cant decrease in BBMV Na/Si-cotransport activity in KD
CON and KD rats was determined by unpaired Student’s rats (173 6 24 pmol Si/10 second/mg BBM protein) when
compared with CON rats (374 6 39 pmol Si/10 second/t-test, with significance accepted at P of less than 0.05.
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Fig. 2. (A) NaSi-1 protein abundance in
brush border membranes isolated from rats
fed K-deficient or control diets. Western blot
showing the abundance of NaSi-1 protein in
brush border membranes from control rats
(lane 1), K deficient rats (lane 2) and in the
presence of 2 mg/ml fusion protein (lane 3).
Western blot was performed as described in
the Methods section using 20 mg of BBM pro-
tein. Anti-(NaSi-1) antiserum detected the
NaSi-1 protein band of 68 kDa. (B) Densito-
metric analysis of NaSi-1 protein abundance
on Western blots from rats fed K-deficient or
control diets. Values are shown as means 6
se from 6 rats from each group (*P , 0.01).
Protein abundance was calculated by densito-
metric analysis of NaSi-1 signal on Western
blots of renal BBM (A).
Effect of K deficiency on NaSi-1 protein expression in
the kidney
NaSi-1 mediated immunofluorescence was observed
throughout the superficial and deep cortex and was asso-
ciated with the BBM of the proximal tubules (Fig. 3).
In the proximal tubules, the strongest immunoreaction
was observed in the S1 and S2 segments of the proximal
tubules (Fig. 3). Chronic K deficiency (Fig. 3B) resulted
in impaired expression of NaSi-1 protein in the apical
BBM of the proximal tubule when compared with con-
trol rats (Fig. 3A).
Effect of K deficiency on NaSi-1 mRNA levels
Because rats subjected to chronic KD had a 1.5-fold
reduction in NaSi-1 protein abundance in renal BBM when
compared with controls, we wanted to determine whether
mg BBM protein; Fig. 1B). No significant alteration for this reduction of NaSi-1 protein may be mediated by a
BBM Na/glucose or Na/proline cotransport activity was decrease in NaSi-1 mRNA abundance. Total RNA was
observed between KD and CON rats (data not shown). isolated from normal (CON) and KD rats, and Northern
This suggests that K deficiency in rats results in a signifi- blots were hybridized with full-length NaSi-1, 18S rRNA,
cant and a selective reduction in BBM vesicular Na/Si GAPDH, and b-actin probes (Fig. 4A). Densitometry
uptake. showed that there was a 1.6-fold decrease in NaSi-1
mRNA signal in KD rats when compared with the CON
Effect of K deficiency on BBM NaSi-1 protein levels group (the densitometric units for NaSi-1 mRNA levels
To determine whether changes in BBM Na/Si cotrans- are 0.93 6 0.1 for CON and 0.57 6 0.07 for KD), with
port are due to changes in the number of specific Na/Si no significant changes in 18S rRNA, GAPDH or b-actin
cotransporters, we performed Western blot analysis of signals (Fig. 4B). These data suggest that NaSi-1 mRNA
BBMV protein samples using a polyclonal antibody di- is specifically down-regulated by K deficiency.
rected against the NaSi-1 protein (Fig. 2A) [13]. Densito-
Effect of K deficiency on mRNA-induced Xenopusmetric analysis of the Na/Si-1 specific band on the West-
oocyte transport ratesern blots revealed that NaSi-1 protein abundance in KD
rats was reduced by 1.5-fold when compared with control To determine whether the reduction in NaSi-1 mRNA
rats (the densitometric units for NaSi-1 protein abun- abundance in KD rats (compared with controls) was due
dance are 9.0 6 0.3 for CON and 6.2 6 0.2 for KD; to a specific reduction in functional NaSi-1 mRNA levels,
Fig. 2B). This reduction in NaSi-1 protein abundance in poly A1 RNA (mRNA) from kidney cortex slices was
BBMVs closely correlated with the reduction in BBMV purified from KD and CON rats and injected into Xenopus
laevis oocytes. The mRNA-induced transport of Na/Si-Na/Si cotransport activity in rats fed a KD diet.
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Fig. 3. NaSi-1 protein expression in perfusion fixed kidneys from rats fed K-deficient or control diets. Immunofluorescence microscopy indicates
decreased expression of NaSi-1 protein in the proximal tubular apical membrane in K-deficient rats (B) compared to control (A).
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Fig. 4 (A). NaSi-1 mRNA abundance in renal cortex total RNA isolated from rats fed K-deficient or control diets. Northern blots were hybridized
with full length NaSi-1 cDNA, 18S rRNA, GAPDH and b-actin cDNA probes. Twenty mg of total RNA was loaded per lane from control and
K deficient rats. Blots were washed at high stringency. (B) Densitometric analysis of NaSi-1 mRNA abundance on Northern blots from rats fed
K-deficient or control diets. Northern blot mRNA abundance for NaSi-1 (B) (*P , 0.01), 18S rRNA (C), GAPDH (D) and b-actin (E) from
panel A were analyzed by densitometric analysis. Significance was shown at P , 0.01 for NaSi-1 signals; no significance (NS) was observed for
18S rRNA, GAPDH and b-actin signals between control and K-deficient rats.
Fig. 5. mRNA induced sulfate and L-leucine
transport in Xenopus oocytes injected with
mRNA from rats fed K-deficient or control
diets. Oocytes were injected with 50 nl water
or 50 nl water containing kidney cortex
mRNA (0.2 mg/ml) from rats fed for 7 days
on either a K-deficient or control diet. Uptakes
were performed on day 3 post-injection at room
temperature for 35 minutes in the presence of
sodium (100 mm). (A) Sulfate transport: K2
35SO422 uptake (30 mCi/ml) with 0.1 mm K2SO4.
(B) l-leucine transport: l-[3H]leucine uptake
(20 mCi/ml) with 0.1 mm l-leucine. Data are
presented as means 6 sem for 7–10 oocytes per
group, with similar data obtained in 3 separate
experiments.
cotransport was measured by 35SO4 uptake and was indic- sible for the kidney cortex mRNA-induced Na/Si-cotrans-
port activity expressed after injection of Xenopus oocytesative of the abundance of mRNA encoding the Na/Si-1
cotransporter. A 1.6-fold reduction in the Na/Si cotrans- [10], we can confirm that in KD rats, there is a reduction in
functional NaSi-1 mRNA when compared with controls.port rate was observed in oocytes injected with mRNA
from rats fed on a KD diet compared with controls (Fig. These oocyte transport data and Northern blot analysis
(Figs. 4 and 5) together suggest that the NaSi-1 mRNA5). This reduction in oocyte transport rate was specific for
Na/Si uptake, with no significant alterations observed for expression is specifically and significantly down-regu-
lated in rats fed on a KD diet (when compared withl-leucine transport (Fig. 5), suggesting mRNA encoding
functional Na/Si cotransporters is specifically down-regu- controls) and is in close agreement with the reduction
in NaSi-1 protein activity and abundance in renal BBMslated. Since we know that NaSi-1 mRNA is solely respon-
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as determined by BBMV Na/Si uptake (Fig. 1C), Western mRNA in KD rats mediated a decrease in Na/Si cotrans-
port activity, we tested the function of renal corticalblots (Fig. 2), and immunohistochemistry (Fig. 3).
mRNA for expression in a heterologous system, the Xeno-
pus oocyte. Previously, using an antisense (hybrid deple-
DISCUSSION
tion) technique, we had shown that the renal cortical
In this study, we have examined the effects of chronic mRNA-induced Na/Si cotransport in Xenopus oocytes was
K deficiency on renal proximal tubular Si reabsorption. solely due to NaSi-1 mRNA [10]. In order to determine
Our experimental model used a KD diet for seven days whether alterations in mRNA levels in KD rats corre-
to generate chronic K depletion. Chronic K depletion sponded to changes in functional mRNAs, mRNA from
led to a significant decrease in serum Si levels (when KD and CON rats was injected into Xenopus oocytes
compared with the CON group), which was associated and mRNA-induced expression of Na/Si and l-leucine
with an increased fractional excretion of Si (Fig. 1). This uptake assayed (Fig. 5). We have previously reported
was in contrast to the effect of K depletion on renal that the induced transport rate was proportional to the
citrate handling, as plasma citrate levels were not altered amount of mRNA injected into the oocytes [10], such
in KD rats (compared with control rats), and fractional that any changes in uptake are due to a reduced level
excretion of citrate was decreased significantly when of the specific mRNA encoding that transport activity.
compared with control rats [17]. The drop in serum Si Our results showed that only Na/Si uptake was reduced
levels and the increase in fractional excretion of Si sug- by 1.6-fold in mRNA derived from KD rats (compared
gests that K depletion directly or indirectly causes re- with controls), with no changes observed in mRNA-
duced renal tubular Si reabsorption. induced uptake of l-leucine transport, suggesting that
To determine whether renal Si reabsorption is indeed the reduction in Na/Si cotransport was due to a specific
inhibited by K depletion, we isolated renal cortical reduction in functional mRNA encoding the NaSi-1
BBMV and measured Na/Si uptake activity: A 1.6-fold transporter, with no changes in the level of functional
decrease in BBMV in Na/Si uptake was observed in KD mRNA encoding the l-leucine transport activity.
rats (when compared with controls), which suggested This is the first study to show that chronic K deficiency
that the reduction in Na/Si cotransport on the apical leads to a direct down-regulation of proximal tubular
membrane of the proximal tubule resulted in the de- Na/Si cotransport via the cloned apically localized NaSi-1
crease in serum Si levels and the increase in fractional transporter. Both NaSi-1 mRNA and protein levels in
excretion of Si. The reduced BBM Na/Si uptake by vivo are reduced by K depletion, suggesting that its
chronic K depletion could be due to either a decreased mechanism of action may be at the transcriptional level.
number of Na/Si cotransporters on the apical membrane Even though chronic K depletion has been previously
or a reduced turnover rate of the Na/Si cotransporter. shown to up-regulate the expression of the Na/citrate
To test the first hypothesis, we performed Western blots transporter [17] as well as the Na/H exchanger and Na1/
with BBM using a NaSi-1–specific antibody. Our results CO322/HCO32 cotransporters [16], this study is the first
showed a 1.5-fold reduction in NaSi-1 protein abundance to show down-regulation (at the molecular level) of both
in BBM isolated from KD rats (Fig. 2). Furthermore, mRNA and protein of a renal transporter, NaSi-1, in
immunofluorescence studies with NaSi-1 immunostain- renal proximal tubules by chronic K depletion. This study
ing in the kidney showed that K deficiency results in shows that the increased fractional excretion of Si (and
decreased expression of NaSi-1 protein at the level of reduced serum Si levels) associated with chronic K deple-
the proximal tubular BBM (Fig. 3). Thus, the decrease tion is directly correlated to the decreased expression of
in BBM Na/Si cotransport activity is closely associated the Na/Si cotransporter encoded by NaSi-1 and that the
with the decrease in BBM NaSi-1 protein abundance. sulfaturic condition resulting from chronic K deficiency
We then identified the mechanism by which K defi- is a consequence of a reduction in NaSi-1 protein and
ciency results in reduction of NaSi-1 protein abundance mRNA levels in vivo.
(that is, whether chronic K depletion blocks NaSi-1 ex-
pression at the translational and/or transcriptional lev- ACKNOWLEDGMENTS
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